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R E S E A R C H  P A P E R
A simple spatially explicit neutral model explains the range size 
distribution of reef fishes









































adopt	 a	wide	 range	 of	 dispersal	 strategies.	We	 consequently	 expect	 species	with	



















by	 differences	 in	 dispersal	 ability	with	 the	 best	 dispersers	 being	 distributed	 over	
larger	ranges.
Main conclusions: Neutral	 processes	 and	 guild‐specific	 dispersal	 ability	 provide	 a	
general	explanation	for	both	within‐	and	across‐guild	range	size	variation.	Our	results	
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1  | INTRODUC TION
What	is	driving	the	large	natural	variation	in	the	range	size	of	spe‐

















pecially	 important	driver	of	 range	size	 is	 reef	 fishes.	These	organ‐
isms	 occupy	 habitats	 that	 are	 by	 nature	 highly	 fragmented.	 The	
ability	to	disperse	to	these	habitats	should	therefore	be	important	
for	 colonization,	 establishment	 and	 range	 expansion.	 However,	
despite	 theoretical	 expectations	 predicting	 a	 positive	 association	
between	dispersal	 and	 range	 size	 (reviewed	 in	Lester,	Ruttenberg,	
Gaines,	 &	Kinlan,	 2007),	 empirical	 evidence	 for	 this	 in	 reef	 fishes	
remains	scarce	(Lester	&	Ruttenberg,	2005;	Luiz	et	al.,	2013;	Mora	




ics	 or	 changes	 during	 a	 species’	 lifetime	 (Webb	 &	 Gaston,	 2000,	
reviewed	 in	Gaston,	2003).	Firstly,	 range	size	 is	 likely	 to	vary	with	
species	 age:	 older	 species	 might	 attain	 larger	 ranges	 than	 newly	




biological	 interactions	and	 the	 species’	behavioural	 and	 functional	







Dispersal	 is	a	complex	trait	that	depends	on	an	 individual’s	 life	





have	used	proxies	of	dispersal:	 traits	 that,	based	on	the	 literature,	






Luiz	 et	 al.,	 2013),	 thereby	 neglecting	 evidence	 that	 dispersal	 also	
occurs	 in	earlier	 life	stages	as	eggs	and	 in	 later	 life	stages	as	adult	
fishes	 (Addis,	 Patterson,	 Dance,	 &	 Ingram,	 2013;	 Alzate,	 van	 der	
Plas,	Zapata,	Bonte,	&	Etienne,	2019;	Appeldoorn,	Hensley,	Shapiro,	
Kioroglou,	 &	 Sanderson,	 1994;	 Kaunda‐Arara	 &	 Rose,	 2004;	 Leis,	
1978).
Pattern‐orientated	 correlative	 studies,	 which	 test	 for	 associa‐
tions	between	 traits	 related	 to	dispersal	 and	 range	 size,	 fail	 to	 in‐
corporate	 more	 mechanistic	 insights	 (Connolly,	 Keith,	 Colwell,	 &	
Rahbek,	2017).	In	contrast,	mechanistic	models	make	testable	pre‐
dictions	by	explicitly	accounting	for	the	more	fundamental	processes	
affecting	 range	 size.	Previous	mechanistic	 studies	have	attempted	
to	explain	range	size	using	colonization–extinction	models	(Hanski,	







model	 to	 reproduce	 both	 spatial	 patterns	 in	 species	 richness	 and	









support	 the	 theoretically	expected,	but	empirically	much	debated,	hypothesis	 that	
high	dispersal	capacity	promotes	the	establishment	of	large	range	size.
K E Y W O R D S
dispersal,	neutral	model,	range	size,	range	size	distribution,	reef	fishes,	spatially	explicit














































Their	 larvae	 usually	 emerge	 at	 larger	 sizes	 and	 are	 more	 mature	
than	the	larvae	of	non‐pelagic	spawners	(Leis	et	al.,	2013;	Wootton,	
1992),	 resulting	 in	 an	 early	 control	 of	 active	 swimming,	 therefore	






(<	10	m2).	Medium	adult	mobility	 denotes	 species	 that	 are	weakly	
mobile,	relatively	sedentary,	with	close	association	to	the	substrate	






















We	 defined	 coastline	 distance	 as	 the	 contour	 distance	 (measured	
using	units	of	100	km)	between	 the	most	distant	points	along	 the	
coastline	where	the	species	was	reported.	The	east	and	west	coasts	








































2.5 | Spatially explicit neutral model
We	 used	 a	 one‐dimensional	 spatially	 explicit	 neutral	 model	
to	 simulate	 the	 spatial	 distribution	 of	 species	 along	 a	 linear	
coastline.	 This	 configuration	 best	 reflects	 the	 particular	 geo‐
graphical	distribution	of	reefs	(coral	and	rocky)	in	the	TEP	region:	
a	 long	 coastline	 with	 a	 narrow	 continental	 platform.	 As	 in	 the	
original	 neutral	model	 (Hubbell,	 2001),	 the	 habitat	 is	 saturated	
(zero‐sum	dynamics),	and	the	species	identity	of	an	individual	has	






























F I G U R E  1   (a)	Map	with	“locations”	every	100	km	along	the	Tropical	Eastern	Pacific	(TEP)	coastline.	For	all	analyses,	we	used	a	“collapsed”	
Gulf	of	California	and	excluded	the	outer	part	of	the	Peninsula	of	California.	(b)	Map	showing	number	of	records	per	location	along	the	
coastline
     |  5ALZATE ET AL.
where U	 is	 a	 random	 variable	 drawn	 from	 a	 uniform	 distribution	
between	0	and	1.	To	separate	the	effects	of	 the	shape	of	 the	dis‐





































individuals	 along	 the	 linear	 lattice,	 and	 only	 sampled	 individuals	
were	 used	 to	 quantify	 range	 sizes,	 thus	 taking	 into	 account	 the	
effect	 of	 sampling	 on	 apparent	 range.	 Although	 sample	 areas	
along	the	TEP	are	not	random,	sampling	in	a	realistic	manner	pro‐
duces	 virtually	 identical	 results	 to	 random	 sampling	 (Supporting	
Information	 Appendix	 S3).	 In	 the	 real	 world,	 suitable	 habitat	 is	
often	not	 contiguous;	 the	 same	 is	 true	 for	 the	TEP,	where	 reefs	
are	fragmented	by	long	stretches	of	sand	or	other	soft	substrates	
(Supporting	 Information	 Appendix	 S4).	 We	 explored	 the	 effect	








We	examined	 the	effect	of	dispersal	 (Xmean and α),	 speciation	
initiation	 rate	 (μ),	 speciation	protractedness	 (τ)	 and	sampling	per‐
centage	 (s)	 on	 the	distribution	of	 species’	 range	 sizes.	As	 species	
age	is	suggested	to	be	positively	correlated	to	range	size	(Gaston,	
2003),	we	also	explored	the	effect	of	interspecific	variation	in	spe‐
ciation	 rates	 on	 the	 distribution	 of	 range	 sizes.	When	 speciation	
rate	 is	 high,	 species	 are	 on	 average	 younger,	which	may	 have	 an	
effect	on	range	size.	In	addition,	we	explore	how	the	configuration	
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In	our	default	scenario,	we	used	a	lattice	with	contiguous	habitat	
and	the	following	parameter	values:	mean	dispersal	distance	Xmean = 
2%,	 dispersal	 kernel	 shape	α	=	3.0,	 sampling	 percentage	 s	=	100%,	









(μ = [5 × 10−2,	5	×	10−3,	5	×	10−4,	5	×	10−5],	τ	=	[0,	10,	100,	1000]).
We	estimated	the	simulated	range	size	 for	each	species	as	 the	
linear	distance	 (equivalent	 to	coastline	distance	 in	 the	one‐dimen‐
sional	lattice)	between	the	most	distant	points	where	the	species	is	
recorded.	The	range	size	was	measured	relative	to	the	total	 lattice	





we	 used	 an	 approximate	 Bayesian	 computation	 approach,	 with	
a	 sequential	Monte	 Carlo	 algorithm	 (ABC‐SMC)	 as	 described	 by	
Toni,	Welch,	 Strelkowa,	 Ipsen,	 and	Stumpf	 (2009).	To	assess	 the	












U(0,1),	where	U	 is	 a	 uniform	distribution),	Xmean: 
U10(−4,	 −0.25),	 α: U10(0,1),	 speciation	 initiation	 rate:	 U10(−4,	 0),	




parameters	was	performed	on	a	 log10	 scale,	 to	avoid	parameters	
reaching	a	negative	value.	Parameters	were	perturbed	by	first	tak‐
ing	the	log10,	then	adding	a	random	number	drawn	from	a	normal	
distribution	 with	 mean	 zero	 and	 standard	 deviation	 0.05,	 after	
which	we	exponentiated	the	parameter	again.	Finally,	we	checked	












































complete	 linear	 lattice	 and	plotted	 the	 results	 alongside	 empirical	
richness	gradients	for	comparison.
3  | RESULTS
3.1 | Empirical range size distributions
Pelagic	 spawners	 have	 a	 relatively	 high	 proportion	 of	 species	




depends	 on	 the	 capacity	 of	 adult	 fishes	 to	 disperse.	Within	 the	
non‐pelagic	spawners,	the	lowest	dispersive	guild	has	the	highest	
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number	of	 species,	 the	highest	 proportion	of	 species	with	 small	
ranges	 and	 the	 lowest	 proportion	 of	 species	 with	 large	 ranges	
(Figure	1a).	While	more	than	half	of	the	non‐pelagic	spawning	spe‐




large	 majority	 of	 the	 pelagic	 spawners	 and	 non‐pelagic	 spawn‐
ers	with	medium	 and	 high	 adult	mobility	 have	 large	 ranges,	 and	
non‐pelagic	spawners	with	low	adult	mobility	have	an	even	higher	
proportion	 of	 species	with	 small	 ranges	 (Figure	 3b).	 In	 contrast,	
most	 of	 the	 non‐endemic	 species	 are	 pelagic	 spawners,	 and	 for	
these	species,	the	range	size	distribution	is	bimodal	(especially	for	
medium	mobile	species):	while	there	are	a	large	number	of	species	








(except	 for	 non‐pelagic	 spawners	 with	 low	 adult	 mobility)	 along	
the	TEP	coast,	decreasing	 in	the	 last	part	of	the	curve	(Figure	3d).	
However,	some	curves	(e.g.,	pelagic	spawners	with	low	and	medium	
adult	 mobility)	 show	 peaks	 at	 locations	 2,600–3,500	 and	 around	
location	7,000	(see	Figure	1a	for	a	map	of	the	 locations).	Richness	
for	non‐pelagic	spawners	with	low	adult	mobility	is	maximum	at	the	
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first	 part	 of	 the	 curve,	 showing	 an	 abrupt	drop	 at	 location	3,600,	










higher	 locations	 (towards	 the	 southern	edge	of	 the	TEP).	Non‐en‐
demic	pelagic	spawners	with	medium	adult	mobility,	however,	show	
a	 bimodal	 pattern,	 with	 one	 peak	 at	 locations	 2,600–3,600	 and	










3.4 | Spatially explicit neutral model
The	strongest	effects	on	the	distribution	of	range	sizes	are	caused	
by	variation	 in	mean	dispersal	distance	(Xmean),	speciation	rate	and	











and	hence	a	decrease	 in	 the	number	of	 species	with	 large	 ranges,	
and	 a	 (potentially	 unrealistically)	 high	 number	 of	 species	 in	 total	






species	more	 strongly	 than	 of	 high	 dispersive	 species	 (Figure	 5e).	
Sampling	affects	the	distribution	of	ranges	differently	from	disper‐





























In	 line	 with	 expectations,	 estimated	 mean	 dispersal	 distances	
for	 each	 guild	 were	 largest	 for	 the	 guilds	 with	 the	 highest	 pro‐
portion	 of	 large	 ranges:	 pelagic	 spawners	 and	 high	 adult	mobility.	
The α‐values	were	similar	 for	all	dispersal	guilds	 (between	2.7	and	
4.23).	Estimated	 sampling	 completeness	was	 lowest	 for	 the	guilds	
of	 non‐pelagic	 spawners	with	 high	 and	medium	mobility	 (0.7	 and	




low	mobility	 species,	 intermediate	 for	 pelagic	 spawners	 and	 high‐
est	 for	non‐pelagic	 spawners	with	high	and	 intermediate	mobility.	
The	speciation	rate	 (per	generation	probability	for	an	 individual	to	





for	 two	 dispersal	 guilds	 (pelagic	 spawners	 with	 high	 and	medium	
adult	mobility),	inspection	of	the	qualitative	properties	of	the	fittings	
shows	bimodal	behaviour	in	all	guilds	that	the	neutral	model	could	
not	fully	 replicate	within	 its	parameter	space,	 for	example,	 for	pe‐
lagic	spawners	with	medium	adult	mobility	(Figure	6).	We	explain	this	





the	 range	 size	 distribution	with	 habitat	 fragmentation	 to	 the	 em‐
pirical	 richness	 gradients	 along	 the	 TEP	 coast,	 we	 show	 that	 our	
model	 supports	 qualitatively	 the	basic	 pattern	of	 species	 richness	
gradients	 in	 the	 TEP,	 especially	 for	 species	 appearing	 outside	 the	
first	18%	of	the	region	(Figure	8).	Deviations	from	the	empirical	data	
for	 the	 first	 18%	of	 the	 region	 are	 likely	 caused	by	 collapsing	 the	
two	coasts	of	the	Gulf	of	California	in	the	empirical	data.	While	this	
artefact	 does	 not	 have	 a	 strong	 effect	 on	 the	 range	 size	 distribu‐
tions	(Supporting	Information	Appendix	S1),	it	does	affect	richness	
patterns.	 Specifically,	 while	 for	 pelagic	 fishes	 collapsing	 the	 Gulf	
of	California	was	of	no	consequence,	 it	was	 important	for	the	 low	
mobility	 non‐pelagic	 spawners	 (and	 even	 a	 little	 for	 the	 medium	
mobility	 non‐pelagic	 spawners).	 Furthermore,	 the	 enclosed	nature	
of	 the	Gulf	of	California	might	 isolate	 that	area	and	 thus	promote	
speciation	(which	is	not	explicitly	considered	in	our	model).	For	pe‐
lagic	spawners,	the	model	predicts	richness	to	increase	rapidly	until	
















we	 developed	 a	model	 that	 can	 capture	 the	way	mechanisms	 act	
together	to	produce	biodiversity	patterns.	Models	can	vary	in	com‐
plexity	and	in	the	predictions	they	provide.	For	instance,	simple	null	
F I G U R E  4  Range	size	distributions	predicted	by	the	null	model	without	dispersal	limitation	and	geographical	constraints 
Notes. Coloured	bands	represent	the	model	outcomes	over	100	replicates	[solid	lines:	mean;	shaded	area:	95%	Confidence	intervals	(CI)].	
Dashed	lines	represent	the	empirical	data.
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models	like	the	mid‐domain	effect	model	or	the	spreading	dye	model	
can	 provide	 null	 expectations	 of	 species	 richness	 patterns	 in	 ab‐
sence	of	environmental	gradients	and	under	geometric	constraints	
(Colwell	&	Lees,	2000;	Jetz	&	Rahbek,	2001).	However,	these	mod‐




























patterns	 in	 riverine	ecosystems	 (Muneepeerakul	 et	 al.,	 2008),	 and	
longitudinal	gradients	 in	species	 richness,	diversification	 rates	and	
beta‐diversity	patterns	in	mangroves	(Descombes	et	al.,	2018).
Our	 spatially	 explicit	 model	 provides	 evidence	 that	 two	 traits	
used	as	a	proxy	of	dispersal,	spawning	mode	and	adult	mobility,	are	
indeed	related	to	dispersal	ability	and	to	range	sizes	in	tropical	reef	
fishes.	 The	 importance	 of	 dispersal	 ability	 in	 explaining	 range	 size	
variation	has	often	been	questioned,	due	to	mixed	results	of	several	
correlational	 studies	 (Lester	&	Ruttenberg,	 2005;	 Luiz	 et	 al.,	 2013;	




dispersal	 and	 range	 size.	 Interestingly,	 our	 model	 also	 shows	 that	
range	size	variation	can	be	large	within	dispersal	guilds,	as	dispersal	
only	affects	the	probability	of	long‐distance	dispersal.	Thus,	although	







reef	 fishes	 in	 the	TEP,	 and	 for	 each	guild,	 estimated	mean	disper‐
sal	distance	was	 in	 line	with	expectations	for	that	guild’s	dispersal	
ability.	 These	 findings	 indicate	 that,	 despite	 their	 simplicity,	 neu‐
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endemics	have	generally	had	a	longer	time	to	increase	their	ranges	
in	 the	 region.	 In	 contrast,	 non‐endemics	 include	 recent	 immigrant	
populations	 and	 have	 both	 large	 and	 small	 ranges;	 they	 are	 often	
just	at	the	edges	of	the	range	for	a	wider	ranged	species	that	mostly	
occupies	areas	outside	the	TEP.	Possibly,	such	non‐endemic	species	































out	 the	 inclusion	of	 reduction	of	gene	flow	 influencing	speciation:	
low	dispersal	guilds	tend	to	have	more	species	than	high	dispersive	
guilds,	 and	 habitat	 fragmentation	 can	 further	 strengthen	 this	 pat‐
tern	(Supporting	Information	Appendix	S11).
In	 addition	 to	 the	 most	 obvious	 processes	 related	 to	 range	
size,	 our	 model	 also	 shows	 that	 habitat	 fragmentation	 can	 play	
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an	 important	 role	 in	 shaping	 macroecological	 patterns	 and	 that	
its	effect	depends	on	 the	dispersal	abilities	of	 the	species.	For	 in‐
stance,	highly	dispersive	species	have	range	size	distributions	 that	
do	not	 differ	much	between	 contiguous	 and	 fragmented	habitats.	
Conversely,	 range	 size	 distributions	 for	 low	dispersive	 species	 are	
strongly	 affected	by	habitat	 fragmentation.	These	 species	 tend	 to	
have	even	smaller	ranges	in	fragmented	habitats	than	in	contiguous	
habitats.	This	suggests	that	our	model’s	predictions	conform	to	the	
intuition	 that	 range	 expansion	 for	 low	 dispersive	 species	 is	 nega‐
tively	affected	by	habitat	fragmentation.
By	 running	 simulations	with	 parameters	 estimated	 from	 range	
size	 distributions	 (richness	 patterns	 were	 not	 fitted),	 our	 neutral	
model	can	predict	species	richness	gradients	 in	the	region	reason‐
ably	well.	Interestingly,	the	predicted	richness	gradients	depend	on	
dispersal	 and	 its	 interaction	with	 habitat	 fragmentation.	 The	 pre‐
dicted	species	richness	gradients	along	the	TEP	coast	tend	to	have	
the	 typical	 convex	 shape	 (richness	 increasing	 towards	 the	 centre	
of	 the	 distribution	 gradient)	 for	 highly	 dispersive	 guilds,	 whereas	
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in	 dispersal.	 Consistent	with	 previous	 studies	 on	 neutral	 models	
with	 guild	 structure	 (using	 predictions	 for	 abundance	 instead	 of	
range	size,	Aduse‐Poku	et	al.,	2018;	Janzen,	Haegeman,	&	Etienne,	
2015),	 our	 results	 show	 that	 while	 community	 dynamics	 within	










were	 originally	 developed	 to	 understand	 macroecological	 pat‐
terns	 such	 as	 species	 abundances	 and	 species–area	 relationships	
(Hubbell,	2001).	Neutral	models	can	thus	be	regarded	as	a	generic	
mechanistic	tool,	which	we	apply	here	to	new	patterns,	rather	than	
a	 phenomenological	 construct	 tailored	 to	 range	 sizes	 alone.	Our	
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